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5ABSTRACT
The motion of an electron in a standing laser wave is investigated
by a classical treatment. It is found that the motion is similar to that
of a simple pendulum oscillating with large amplitude. Electrons from the
electron beam are regarded to enter the laser beam in different phases.
The dependence of the deflection of the electrons on the incident velocity
son' interaction time t and laser field strength E. is discussed. It is
found that reflection occurs only when the condition on nc is satisfied.
The deflection is not restricted at the Bragg angle. The classical
predictions of the deflection probability are compared with the experimental
results and a satisfactory agreement is obtained.
1CHAPTER I
INTRODUCTION
The interaction of electrons with standing light waves was first
suggested by Kapitza and Dirac[l] in 1933. Their main interest of this
interaction was that it would provide a direct experimental verification of
the stimulated scattered radiation. They predicted that the standing light
waves would serve as a one-dimensional diffraction grating which should
cause a Bragg reflection of the electron beam. The experiment proposed by











Figure 1.1 The original experiment proposed by Kapitza and Dirac.
and a mirror with the intense light source. Electrons from the gun are
accelerated through the diaphram towards point D and interact with the
standing waves. Some of them are then reflected towards point D'. Their
quantum treatment of this reflection, naming "stimulated Compton scattering",
2is summarized in the following: The standing wave consists of two travelling
waves with the same frequency but moving in opposite directions. The
electron will absorb a photon from one travelling wave and then re-emits
this photon due to the stimulation by another photon from the opposite
travelling wave. Thus the electron experiences a recoil. Due to the
conservation of the energy and momentum, the reflection must satisfy the
first order Bragg condition with the lattice spacing equivalent to /2,
e= sin0 2 (1.1)
where ke is the Compton wavelength of the incident electron, A. the wave-
length of the light wave, and the deflection angle.
The calculation of the intensity of the reflected electrons is
started with Thomson's formula for scattering in the backward direction,
(1.2)
where I is the energy of the light scattered in backward direction by one
electron per unit solid angle per unit time, I0 the intensity of the
incident light wave, e the electronic charge, m the electron mass. and c the
velocity of light. Since the re-emitted photon process of the electron is
stimulated by another photon, the spontaneous emission energy of eq.(1.2)
should go over to the stimulated emission case by multiplying with the ratio
of Einstein coefficient. Thus the stimulated scattered light will have
(1 . 3)
where Irv is the intensity of the stimulating beam per unit solid angle per
unit frequency range, h Planck's constant and v the frequency of the
incident light. The stimulating beam and the stimulated scattered beam
3must spread through the same small solid angle d. After an interaction
time t, the total energy of the stimulated radiation emitted by a total
numbers of incident electrons Ne in the backward direction will be equal to
NeI.d2t. A photon of energy by emitted in the backward direction is just
corresponding to the reflection of one electron in the forward direction.
Thus the reflection probability should be
numbers of reflected electrons
P
total numbers of incident electrons
(1.4)
where Iv is the intensity of the stimulated beam per unit frequency range,
t / vo, the width of the standing wave along the electron path and vo
the incident velocity of the electrons. In general, the incident light




In a case where v0= 3x10 3' cm/ sec, = 10 cm and using a green
mercury light source with = 5460 A, = 0:1 A and output of 1W /cm2,
P ~ 10-14. The probability is too low that the observation of the
stimulated Compton scattering was actually impossible.
The investigation of this interaction becomes possible after the
4advent of lasers. Due to the high intensity of the lasers as well as the
square dependence of the probability on. the light intensity in the
stimulated Compton scattering, the observation of the reflected electrons
with laser light source seems quite possible. On the other hand, this
scattering effect was suggested as a good example to verify "the particle-
wave duality of nature"[2] and the best way to measure the light intensity
within the cavity of a laser [3]. Therefore, in the past decade, many
experimentalists [3]-[8] and theoreticians were attracted to investigated
this problem. All the recent theorectical works were investigated by the
quantum L9]-[15] or semi-quantum treatments [16,17]. Up to the work of
Gush and Gush, the quantum approach has been developed rigorously and the
limitation of the theory has been released so that it can be applied to
the experimental conditions. The semi-quantum approach also provided
another point of view. for the scattering-process as a diffraction by a
grating. However, a satisfactory'explanation with these theories for all
the experimental works is not yet obtained. There is then a question of
those theories, whether the quantum approach has not yet been developed
completely to describe this effect or that a free electron interacting
with a coherent radiation is basically a classical process. Therefore, in
the present work, it is worthwhile to re-examine the scattering in a
classical point of view. A review of the recent experimental work and
theorectical investigations will be given in the following two chapters.




Since 1965, several experimental investigations [3]-[8] of the
Kapitza-Dirac effect have been reported. The general idea of these
experiments is essentially the same although the detection system used
in each experiment is different. A typical set-up is illustrated in
Figure (2.1).
The standing light wave is produced by a pulsed laser light with
a totally reflected mirror placed facing to the laser output. The
accelerated electrons from the electron gun first passes through a
collimator system which consists of electro-optical lenses and slits.
Fast electrons are used in order to obtain an intense, monochromatic and
spatially coherent electron beam. The Bragg reflection angle is therefore
extremely small and hence a good collimator system is needed to produce a
very fine electron beam. The collimated electrons are then led to the
S
interaction region through the deflectors. These deflectors are used to
adjust the incident angle between the electron beam and the laser beam.
The velocity of the electrons in the interaction region can be adjusted
by varying the potentials of the retarding electrodes. In'brder words,
the interaction time can be controlled. After passing through the
interaction region, the electron beam is re-accelerated and focused in
order to prevent the beam from spreading. The focused beam is then
detected by a detection system. The signals are always synchronized with
the laser pulse and displayed on an oscilloscope screen so as to guarantee




3 (2) accelerated electrodes
(3) collimator system
4 (4) deflectors12
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Figure 2.1 A typical set-up to detect the scattered
electrons by the standing laser wages.
7standingwaves . T he whole electron path should be embeddedin high
vacuumup to 1 0 - 8 torn to eliminatethe scatteringeffect with the
moleculesin space .
( B ) D etectionsystem:
T he results of the experimentsappear in different manners for
different detection system used . T he detection system of each experiment
is briefly discussedin the following.
( 1 ) S chwarz[ 3 , 5 ] ( 1 9 6 5 - 1 9 6 7 ) :
T he detectionsystemis shownin F igure ( 2 . 2 ) . T he targetis used
to detect the undiffractedelectrons. B efore the target , there are two
parallelstraightwires, of diameter0 . 2 5 mm , 1 in . long and 2 - 1 0 pm apart ,
which are used to detected the deflected electrons. S chwarz has reported
that two wires with 2 - 1 0 µ m apart allows the detectionof deflectionf
direction of laser power flow
1
2
( 1 ) two parallel
straight wires
4
( 2 ) target
( 3 ) scope
3
( 4 ) scopewith
differential input
F igure 2 . 2 T he detectionsystemof S chwaxz,
8order 10-5) radian. The wire having diameter 0.25 mm would in fact allow
to recieve all the electrons deflected of order from 10-5 to 10-3 radian.
Thus almost all the electrons deflected to both sides Are detected at'the
same time. The signals from the two wires are put.into a differential
scope. This arrangement eliminates all the random scattering noises.
However, the angular distribution of'the deflected electrons cannot be
obtained. If the electrons can only be reflected according to the Bragg
relation (eq-(1.1)), the signal obtained will represent the reflection
probability. But there is a hidden danger. If the reflection occurs in
an angular distribution without any restriction to.the Bragg condition, the
signal obtained would then only represent the difference between the upward
and downward scattering. If electrons are deflected equally to both sides,
signal may not be observed.
(2) Bartell [4,6] (1965 -1968):
The detection system used by Bartell was quite different from
that used by Schwarz. He used a scintillator to detect the deflected
electrons. The set-up is shown in Figure(2.3). An additional deflector
is inserted between the focusing system and the detection system in order
• 'r{
to scan the electrons passing through the entrance slit. Thus angular
distribution of the deflected electrons can be observed basically by
detecting the electrons. at different scanning-time. After the electrons
pass through the entrance slit, they are deflected by a deflector to pass
through another slit. This arrangement can eliminate the direct
influence of the laser light to the photomultiplier. The electrons are
then led to a plastic scintillator and cause scintillations. The
















Figure 2.3 The detection system of Bartell.
10
scintillated light is directed by the light-pipe to the photomultiplier.
An interference filter with 100% reflectivity to the ruby laser light is
put between the light-pipe and the photomultiplier to further prevent the
detection of the laser light.
(3) Takeda[7] (1968):
Takeda also used a scintillator to detect the electrons. He put
a stopper in front of the scintillator to allow only part of the electrons
reaching the scintillator as shown in Figure(2.4). He then moved the
stopper in four directions. Thus the integrated deflection probability in
these directions could be obtained at various position.










Figure 2.4 The detection system of Takeda.
(4) Pfeiffer [8] (1968):
His detection system was essentially the same as that used by
Bartell but without scanning the electrons. across the entrance slit. He
11
fixed the entrance slit at the Bragg reflection angle . Therefore he obtained
only the deflection probabilityat Bragg condition .
( C ) Resultsof the experiments:
Experimentaldata and results of the above works are shown in






normalmode Q - switchedQ - switchedQ - switched
w ( sec- 1 ) 2 . 72 x 10 15 2 . 72 x 10 15 2 . 72 x 10 151 . 78 x 10 15
0 . 5 1 . 10 . 3 1 . 22 ( cm)
~ 0 . 28( max)peak power
~ 24~ 2070~ 0 . 24( max) tP ' ( MW)
~ 4 . 1 xl 0 6 ( max) *1 o ( W/ cm2 )
~ 108 ~ 2 . 5 x 107~ 6 . 2 x 107





2 . 4 x 1071 . 9 x 106 1 . 1 x 107 3 . 6 x 106Vo( m / sec)
t This datumis obtainedfrom Table ( 4 . 2 ) and is assumedto be the maximum
power of the laser from our classicaltheory .
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Table 2.1 Summary of the data and results of the recent experiments.
There is a very important point which should not be overlooked.
In the experiments of Schwarz, Bartell and Takeda, the maximum deflection
probabilities were reported not at the Bragg condition, but at the smaller
13
deflection angles. Schwarz even reported that the signal obtained would be
minimum if the alignment between the laser beam and the electron beam
satisfied the Bragg condition* [19]. These results seem to be quite
contradicted to the prediction by Kapitza and Dirac in 1933.
Schwarz explained that the minimum signal was obtained because equal
numbers of electron had been reflected to both sides.
CHAPTERIII
DEVELOPMENTOF THE THEORECTICALINVESTIGATIONF THE SCATTERING
( A ) M athematicalapproachesand limitationsof the recent theories :
( 1 ) B artell[ 1 0 ] :
I n 1 9 6 7 , B artell first rederivedthe K apitza- D irac formulain a
more general way . T he scatteringproblemis treated in terms of the
interaction of an electron plane wave with the periodic perturbing potential
correspondingto a standinglight wave . A s the stimulatedC ompton effect is
a two - photonprocessof a free electron, the , followingH amiltonianL 2 0 ] for
the scatteringis used :
( 3 . 1 )
where p is the momentumof the electronand A s the vector potentialof the
standingwave . T he time averagedstandingwave is expressedby
( 3 . 2 )
where A 0 is the amplitudeof a travellingwave , k the wave numberof the
laser light and rn the coordinatealong the laser propagatingdirection n
W ith the B orn approximationnd the perturbingpotential
the intensity distributionof the scattered electrons is
where I e is the intensity of the incident electrons, R thedistanceb tween
the scattererand the point of detection, s - ki - kf , ki and k the initial
and the scatteredwave vectors of the electionsrespectively. A fter the
15
integral in eq.(3.3) is carried out, the scattering is found to have
appreciable values only when s=0,± k. This implies that the scattering is
restricted to the Bragg condition. In the experiment, the total intensity
of the scattered electrons in the first order reflection is of interest.
This can be found by intergating eq.(3.3) over the whole space. Thus the




the incident angle of the electrons and B the first
order Bragg reflection angle.
If the frequency spread of the laser beam is taken into account,
eq.(3.4) would go over to the Kapitza-Dirac formula (eq.(1.6)). This
frequency spread is interpreted as a misalignment of the incident angle
caused by a Doppler shift. If the misalignment angle in the laboratory
frame just compensates this angle, the scattering would have appreciable
values. In mathematical expression,
(3.7)
where 9' is the misalignment angle in laboratory frame, (v' -v) the frequency
difference of the incident light. Under this condition, eq.(3.6) can be
represented by a - function
(3.8)
where v,/2 is a normalization constant. Substituting eq.(3.8) into eq.(3.4)
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and integrating over the frequency spread of the intensity, the final result
is expressed by
(3.9)
A factor of 2 is introduced when comparing with the Kapitza-llirac tormula
because the polarization of the light source has been considered.
In practical experiments, the effectof the angular divergence of
the laser beam is usually more important than that of the frequency spread
so that the deflection probability should be extended to the angular divergent
condition. The method is similar to the calculation of the frequency spread.
Thus
(3.10)
where Iq, I are the intensity of the incident and reflected laser beam per
unit divergent angle respectively, the angle of divergence.
Although the theory of the scattering has been extended to various
experimental conditions, it is only applicable in very weak laser field and
short interaction time limit. For sufficiently long interaction time and
strong laser field, the probability calculated from eg.(3.4) is always in
excess of unity. A few examples will be shown in Table(3.2) where the data
of recent experiments are applied to eq.(3.4).
(2) Fedorov [11]:
Also in 1967, Fedorov investigated the problem in a more mathematical
way. The Schrodinger equation is reduced into the form of a Mathieu equation
by neglecting the time dependence of the standing light wave. The equation




the wavefunction and E o the incident energy of the electron. The motion
is then expressed by the time development operator
(3.13)
where (3.14)
In momentum representation, the scattering amplitude of the electron with a
transition from state lpn >to state l p'n>is given by
(3.15)
where pn is the momentum of the electron along n direction. The plane wave
l pn> is expanded in Mathieu functions which are the solutions of eq. (3.11).
Thus
(3.16)
where cp10(pn),cp 2Q(pn) are the Fourier transforms of the Mathieu functions
N lg N2Q the normalization factors d an index determining the Mathieu
functions. Assuming q 1<< 1, the series expansions of the Mathieu functions
in terms of q1 can be obtained. Substitute the series into eq.(3.16) and
17
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then integrate. the first diffraction probability will be
(3.17)
where
The elaborative work of Fedorov have released the restriction of the
reflection probability on the interaction time. However, the condition
g1 <<1 is not satisfied in the recent experiments. Thus this calculation
is limited.
(3) Schoenebeck L12]:
In 1968, Schoenebeck pointed out that the Born approximation for
the elastic scattering can be used because the scattering potential is
actually very small when compared with the energy of the incident electron,
However, as the interaction time is long enough, the phase of the primary
wave should be modified. The first order diffraction probability is thus
found as
(3.18)
provided that q , where J1 is the Bessel function of first order, and
(3.19)
() Ezawa and Namaizawa L131:
In 1969, Ezawa and Namaizawa presented a theory in which no assumptions
are made to the strength of the field and to 'the length of the interaction
19
time . The electron is assumed to enter the standing wave adiabatically.
Thereforea gentle cross - section profile is introducedto the laser beam .
The vector potential of the standing wave is expressedas
( 3 . 20)
wherea ( r 2 ) is slowlyvarying, equal to 1 at the . centreo the laser beam
and 0 outside, r the coordinatealong2 directionand 2 the unitvector2 perpendicularto and lyingon the sameplaneof n and the electronpath.
After redefining some parameters, the time averaged wave equation becomes
( 3 . 21)
where
( 3 . 22)
The incident electron is assumed to have a definite momentumsuch that
( 3 . 23)
where po . 2 and pon are the incidentmomentaof the electronalong Z and . n
direction respectively, the order of the Bragg condition . The Mathieu
operatorat the left hand side of eq . ( 3 . 21 ) describesthe electronmotion
along the laser propagatingdirection . The eigenvaluesof this Mathieu
operator then play a role as the adiabatic potentials causing the scattering
of the electron wavefunctionalong e direction .
The wavefunctions expanded in terms of the Mathieu functions Sej
and S
oj
( 3 . 24)
20
Eq . ( 3 . 24 ) is substitutedinto eq . ( 3 . 21 ) and adiabaticapproximations
are used . Two one - dimensionalscatteringequationsare obtained :
( j = 0 , 1 , 2 , . . . . ) ( 3 . 25a )
( j = 0 , 1 , 2 , . . . . ) ( 3 . 25b )
where ( 3 . 26a )
( 3 . 26b )
bej , boj . are the eigenvaluesof the Mathieuequation. Since there is only
incident electron wave with j = K , after comparingthe boundaryconditions
of eqs. ( 3 . 25 a ) and( 3 . 25 b ) , we havef ( x ) = g j ( x ) = 0 whenj 1 K . The
scatteringis then consideredto be elastic . With the asymptoticforms
( 3 . 27a )
( 3 . 27b )
the diffraction probability is expressed by
( 3 . 28)
whereSf + and S are the scatteringamplitudesfrom eqs . ( 3 . 27 a ) and ( 3 . 27 b ) .
With the Born approximation, Bartell ' s formula of the first diffraction
probabilityfollows , while with the WKB approximationand q 2 1 , Fedorov' s
result follows . Using WKB approximationand without putting any restriction .
to the strength of the field , the diffractionprobabilitybecomes
( 3 . 29)
21
For the first order diffraction,
(3.30)
where <wj> =qj, if.a square profile of the laser beam is introduced.
(5) Gush and Gush [14]:
Gush and Gush presented a very rigorous investigation of the
scattering problem in 1971 by calculating the scattering amplitude via the
nonrelativistic Green's function of the electron interacting with the laser
field, using momentum-time representation. The scattering is considered
in a dynamical point of view. The Green's function acts as the evolving




The Green's function must satisfy the following equation:
(3.33)
where N is a normalization factor. The Green's function is then expressed
in an iterative form with a zero-order Green's function.
22
x fffdp' dp" dt ' G ( Pn, t ; pn' , t ' ) < pn' | H 1 ( t ' ) Ipn" > Go( pn" t ' ; Pon, to
n n 0 n n 1 n 0 n on 0
+ N - 4 h - 2 . . . dp' n . . . dt" G Co( Pn, t ; pn' t , ' ) < pm' | H 1 ( t ' ) | pm" >
n o n
X Go( pn" , t ' ; Pn" ' , t " ) pn" ' 1 H | H 1 ( t " ) " Ipniv > Go( Pn, t " ; Pon, to)
+ • • • ( 3 . 34)
The zero - order Green ' s functionis chosenas
Go( Pn, t ; Pon, to ) = - iN ( t - to ) ( pn - pon)
( 3 . 35)
where A ( t - t ) is a unit step function. The scatteringamplitiuae- is linen
0
given by
( 3 . 36)S iN ff dp dp ( p , t ) G ( p , t ; p , t ) p tfi on n f n n on 0 1 on o
whereL i ( pon , to ) representsa tateof a free electronat to , ' iJI ( pn , t ) an
evolvedstate at t .
If only the first order of the Green ' s functionAG is considered,
and ' the perfectalignmentis assumed, Bartell' s formula( eq . ( 3 . 4 ) ) with
g ( ) = 1 can be obtained. If all the higherorder termsof the Green' s
function are consideredand if all the intermediatemomenta are equal to
± hk , the transitionprobabilityfrom a state of Pon , = - hk to the state of
pn = hk wouldbe
( 3 . 37)
Eq . ( 3 . 37 ) is still a good approximationto the deflectionprobabilityeven
23
though the intermediatemomenta greater than thk are taken into account ,
8
providedthat 1 o < 10 8 W / cm 2
( 6 ) Ehlotzkyand Leubner[ 16 ] :
In 1974 , Ehlotzky and Leubner investigatedthe scattering problem
by a semi - quantummechanicalmethod . The electronis first describedby a .
plane wave by introducingthe de Broglie wavelengthand then the electron
wave is treated by the classical scalar diffractiontheory . In the
calculation, the HamiltonianAnalogy[ 21 ] has been used to define the
electron - optical refractiveindex :
n ( r n ) = p / Po= 1 - ( 21 ) 2 cos2 kr n .
( 3 . 38)
wherep 0 is the incidentmomentumof the electron, p . = eA 0 / 2 mc - , 0 = = v 0 / C .
0 j 2 1 and the assumptionthat theThen, underthecondition( U ) ( 2 u / bo) 2 < < 1 andtheassumptionthatthe
standingwave acts as a one - dimensionalphase grating along the wave
propagated direction , the transmissionfunction of the electron passing
throughthe waves is found to be
( 3 . 39)F ( rn ) = exp[ iken( rn ) 2 ] 9
were ke is the wave vector of the incident electron . The whole scattering
problem is then calculated with the Helmoltz - Kirchhoff scalar diffraction
theory on Fraunhoferapproximation. Thus the diffracted electron wave is
expressedby
( 3 . 40)
where a = = sin P , D the diameterof the electronbeam . The principalmaxima
of the diffraction pattern occur at Bragg conditions
0 , ±1 , . . . . ( 3 . 41)




If q4>>1, that is the field strength being very strong, the scattered
electrons split into a fan. This result has also been obtained by Fedorov.
(B) Comparison of the experimental results with the mathematical calculations:
Now all the first order deflection probabilities of the above
calculations are summarized in Table(3.1). The parameters used in the
theories are calculated with the experimental data from Table(2.1) and will
be shown in Table(3.2). Examining the values in Table(3.2), it can be found
that only the conditions q1 r1<<1 and ql<<1 are not satisfied. Therefore the
formulas from Schoenebeck, Ezawa, Gush and Ehlotzky will be used to calculate
the deflection probabilities which will be compared with the experimental
results in Table(3.3)•
From Table(3.3), we can find that the theorectical predictions by
Ezawa and Gush seem to be quite contradicted to the experimental results of
Bartell and Pfieffer. On the other hand the theories by Schoenebeck and
Ehlotzky show inability to Schwarz's experiment.*
Some of the former workers [8,22] argued that Schwarz's experimental results
only represented noise. Their judgements were based on'the Kapitza and
Dirac scattering picture. However, if the'electron scattering process is
not according to this picture, their arguments do not hold.
24
Conditions on the strengthFirst order diffraction
of the field and lengthprobability P (with










Table 3.1 Summary of the theorectical
formulas for the first order diffraction probability.
P = (q 1 r 1) 2
e 4 t 2 I 2
m 2 c 2 h 2 v 4
=
q 1 r 1 <<1
p = sin 2 (q 1 r 1) q 1 =
4? e 2 cI





P = 1/4J 1 2
q3 = q1 r1 >?
P = sin 2 {1/2[<U>-<V 1>]r1} no restriction




P = sin 2(q1 r1) I o< 10 8 watt /cm 2
P = J 1 2 (q4) k1(2u/Bo) 2<<1






1.5x 10 -32.081.041.30.324.1 x 10 6
Schwaxz
1.2x 10 -31.720.861. 040.263.4x 10 6
4.22.1 3.7*10 -40.89 3.66.2 x 10 7Bartell
1.4 x 10 -36.63.31.44 5.810 8Takeda
6.2 x 10 -310.61.44 5.32.5 x 10 7 0.36Pfeiffer
= 2.28 x 10 -15 m is the classical electron radius.There r
e
Table 3.2 The parameters of each
experiment used for the theorectical calculations.
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This row is calculated with Io = 4.1 x 10 6watt/ cm 2.
t This row is calculated with Io= 3.4x 10 6watt/ cm 2.
Comparison of the deflection probabilities of the
Table 3.3
ounturn and semi-quantum theories with the experimental results.
27
P = sin 2
P = sin 2P = 1/4
Up to now, we can conclude that there are two difficulties in the
above quantum or semi-quantum theories when comparing with the experimental
results.
(i) The quantum or semi-quantum mechanical approaches of the scattering
problem in elastic cases are actually characterized by the matrix elements
of the interaction Hamiltonian
where Vo and Vo are constants and do not affect the integration, the terms
cos2kr n represents the standing wave. The 6-function relations of the
electron momenta coming from these matrix elements show that the reflection
probability should occur appreciably at the first order Bragg condition.
However, the experimental results did not appear accordingly.
(ii) The theories cannot predict all the deflection probabilities obtained
from the experiments successfully.
Since all the quantum or semi-quantum mechanical approaches of the
scattering up to now fail to predict the experiments and an approach to this
.
problem in the classical point of view has not yet been tried, it is then of
interest to re-investigate the scattering by considering the motion of the
electron particles under the interaction with the electromagnetic standing
waves.
<P n lHl P on> = <Pnl Vo cos2kr nl Pon>
28
CHAPTER IV
CLASSICAL THEORY OF SCATTERING
(A) Classical motion of an electron in a standing light wave:
The basic idea of the classical investigation of this problem is
that the interaction of a free electron with a coherent radiation may
possibly be a classical process. It is therefore of interest to investigate
the motion of an electron in a standing coherent wave L151 made by a laser
light. Before carrying out the calculation, it is suitable to point out
all our assumptions.
(1) We shall assume that the laser beam is a linearly polarized
electromagnetic plane wave and has neither angular divergence nor frequency
spread. It forms an ideal standing wave with a totally reflected mirror.
(2) The radiation reaction of the electron and the influences
between electrons are neglected. The influence of the electrons to the
standing field is also assumed to be zero because the laser beam has a very
high intensity.
(3) The incident electron beam is monochromatic and has no angular
divergence.
(4) Since the velocities of the electrons used in those recent
experiments are much smaller than the velocity of light, we shall assume
the interaction being non-relativistic.
From assumption (1), we can regard that the standing wave is formed
by two travelling plane waves. They are of equal intensity and of same
frequency but in opposite directions. The electric field of the two







the position of an electron measured by the observer relative to
whom the standing wave is defined,
the retarded time,
the vector potentials of the two travelling waves,
(4•3a)
(4.3b)
and 0 is an phase factor specified by the situation of the standing wave
when interacting with the electron initially. By the property of plane waves,
the magnetic fields of the two travelling waves are expressed by
(4.4a)
(4.4b)and




We then start our calculation with the most fundamental equation-
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Hs = H++H-
A_(r_) = Ao cos(wt_+Q),


















light waves 100% reflectivity mirror
Figure 4.1 Interaction of an electron with the standing
laser wave.
The picture of interaction is shown in Figure(4.1). The electron
enters the standing wave in small incident angle but with large speed.
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Therefore it suddenly enters the interaction region where the field is
large, and just as suddenly leaves, having passed through the laser beam.
The standing wave formed by the laser beam is a plane wave because the phase
of the two travelling plane waves differs by a value of n after the reflection
from the mirror. Their polarization vectors lie on the same plane. Suppose
that this polarization plane makes an angle a with I axis. Eq.(4.7) then




With eqs.(4.2), we obtain
(4.9a)
(4.9b)and






ron is the initial position of the electron along n direction
the left hand side gives
(4.11)
where




However, in the experiments, the motion of the electron along the wave
propagation direction n is of most interest. So in the folloiing calculation,
the motion of the electron is restricted in the n direction unless otherwise
stated. For simplicity, we let B om= 0 because the electron beam is always
aligned to lie on the n-2 plane. With eos.(4.8c), (4.1) and (4.3), we obtain
(1+.13)
After substituting eqs.(4.12) into (4.13), we obtain
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(4.14)
Since the velocity of the electron in the experiments is much smaller than
that of light, the rapidly time-varying part of the electron-field interaction
can be neglected. This assumption has been used in [10], [11], [13] and [14]
Thus we take the time average of eq. (4.14).
(4.15)
With condition wt>>1, we then obtain
(4.16)
In the following investigation, only the time averaged position and velocity
are concerned. The symbol for the time average will be droped. For
simplicity, let cos a= 0. This means that the polarization of the laser
is adjusted perpendicular to the electron path. We shall discuss the




Eq.(4.17) is the equation of the time averaged motion of the electron









The Bragg reflection condition will be fulfilled if Bon = Bnb and Bn= -B on
in eq.(4.21), provided that the interaction time t is suitable, where Bn
is the incident velocity satisfying Bragg condition.
The solutions of eq.(4.18) are standard [24] and can be represented
by the energy curves in a phase plane as shown in Figure(4.2). Each curve
in Figure(4.2) represents the relationship between the velocity and the
position of the electron. The total-energy of an electron in the interaction






II O rr wp n
Figure 4.2 Solution of the motion of the electron
shown in a phase plane.
However, each individual electron has conservative energy through the,
interaction region. The motion of the electron described by eq.(4.18) is
discussed in the following:
(i) As B 2 on>0, we have E>-y and the right hand side of eq.(4.18) will
on - on
not always be negative.
(ii) If Eon >Y, Bn will never reach zero. The curves are then open curves
as indicated in Figure(4.2). The velocity of the electron will either always
be positive or always be negative. From eq.(4.18) we obtain
(4.23)
Hence the time t can be expressed as a function of the position
(4.24)
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Eq.(4.24) is an incomplete elliptic integral of the first kind.
(iii) If Y> E on > - Y, the curves are then closed curve encircling the
points(Bn = 0, wp n= j tt), where j is an integer. The motion of the electron
n n
is periodic. Its velocity fluctuates periodically about Bn = 0.- Let Pa be
the amplitude of the position of the electron. Then a must satisfy the
relation
(4.25)Y cos(2wp a) + E o = 0
The time t is then expressed by
(4.26)
Where the variable P has been changed to p by the relation
(4.27)sin wPn = sin w Pa sin cp
Eq.(4.26) is also an incomplete elliptic integral of the first kind. The
period T of the motion of the electron is
(4.28)
(4.29)where
T is given in terms of a complete elliptic integral of the first kind. The
period is found to be increased with the amplitude.
(iv) If E on= y, the motion of the electron will be unstable at W n s 2 J n p
on
for odd j. However, the time needed for the electron to reach these unstable
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positions is infinite.
Up to now, the motion of the electron can be determined definitely
.
by eq.(4.24) or eq.(4.26) if the incident velocity Oon, the incident position
P and the interaction time t are given. Its motion is just the same as
on
the motion of a simple pendulum. The physical interpretation is as the
following. The time averaging standing waves set up a potential Un which
is periodic in position.
(4.30)
If'the total energy acquired by the electron overcomes this potential, the
electron will be travelling on and on just like that a simple pendulum with
large initial velocity will rotate forward in one direction always. However,
if the energy of the electron is so small that the electron is trapped in
this potential well, the electron will be oscillating about its equilibrium
positions (Bn = o, W Pn= j n), just like the pendulum swinging periodically
about the lowest energy point.
(B) The deflection of an electron beam by a.standing light wave:
We now extend the above theory to the experimental condition which
is the interaction between the electron beam and the laser beam. The
diameters of the electron beam used in the experiments are much greater
than the wavelength of the laser in general. Thus, the electrons enter
the, laser beam in all phases. Since, as shown in Figure(4.2), the inter-
action process is periodic in the incident phase, it is sufficient to
38
consider those phases between -1/2Y and 1/2w. Electrons with different phases
then acquire different energies. After an interaction time t, their
velocities will also be different although they have the same' incident velocity
B on. In the following numerical investigation,* we shall intend to find
the distribution of O against w pon for different values of t, on and the
field strength E 0= w A 0/ c. However, eqs.(4.24) and (4.26) which we shall
use are elliptic integrals of the first kind. Therefore the calculation is
so complicated that a digital computer is used. Since the experimental
conditions are clearly stated in Bartell's work [6], we shall use his data
for calculations and then discuss about the scattering effect for different
parameters,
(1) Incident velocity P on dependence:
The trajectories of the electrons will be different if the incident
velocities P on of the electrons are different as can be seen in Figure(4.2).
When 1 P on 1<2Y, the motion of some of the electrons with suitable phases
will be described by the closed curves. These electrons will be reflected
if they leave the laser beam with opposite velocities in n direction.
Therefore, in the classical point view, there is also a requirement of the
geometrical arrangement between the laser beam and the electron beam. The
incident velocity Don of the electrons should be ajusted to be smaller than
a critcal value which is expressed by
(4.31)
Unlike the Bragg condition
* See Appendix III and IV.
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(4.32)
which is the restriction on the incident velocity for the reflection to be
occured in the quantum point of view, Inc depends on the intensity of the
laser beam.
With Bartell's data from Table(2.1), we obtain that
Onc=4.6x10 -6,
Bnb = 3.5 x 10-6.
Since Bartell has set the incident electron beam at the Bragg angle, tnereiore
the condition B nb<B nc is satisfied in his experiment. Thus spicules were
observed. To investigate the phenomena of the deflection for different
incident velocities, we now plot the deflection angle cp against the incident
phase w P on with different values of B on in Figure(4,3).
From Figure(4.3), we can find that the deflection angles will be
very small if the incident velocity on is too large. It is because the
electrons move very fast when passing through the potential Un. Thus the
variation of the velocities of the electrons due to the periodic potential
is much less appreciable. As Bo<B on, those electrons with suitable
on no
phases satisfying the condition Eon Y may be deflected in large angles
but the deflection pattern depends on the interaction time. The smaller
the incident velocity is, the more the electrons are described by the
on
closed curves. This means the fraction of the electrons to be reflected is
approaches to zero, electrons with phase from -1/2tt to 0
higher. As B on
will be deflected to one side while those with phase from 0 to 2Tr will be





t= 5.0 X10- 10 sec.. 26s Bragg deflection angle
B on= 1.0X13 -7B
2.0 X 10 -6
3.5 X 10 -67
a 4.6X10 -6l



















The deflection pcst erns for different incident vetocities B on
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(2) Interaction time t dependence:
The interaction time is determined by the energy of the incident
electrons and the diameter of the laser beam. Fast electrons and small
cross-section of the laser beam will have short interaction time and vice
versa. As mentioned in Section(IV Bi), although the condition
is satisfied, the electron will still not be reflected if the interaction





Figure 4.4 States of the electron with different
interaction time.
electron enters the laser beam at state A. After a very short interaction
time t, the electroh will only reach state B. If the electron leaves the
laser beam at this state, its velocity will not differ very much from that
at state A. Therefore the deflection is not easy to observe. As t becomes
longer, the electron will go to state C; when t= 1/2T, it will tach D. At D,
the velocity of the electron has been changed from Bon to- bon. The
reflection of the electron is then quite apparent. If t becomes longer,
the electron will approach to state A again when t- T. Therefore, the
reflection of the electron occurs periodically with respect to t. When
t-(j+1/2)T, j-0.1.2. (4.33a)
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reflection occurs with maximum deflection angle . W hen
( 4 . 3 3 b)t = j T , j = 0 , 1 , 2 , . . . ,
no reflectionccurs. E xpandingthe completeelliptic integralof eq . ( 4 . 2 b )
in terms of the moduluskm , where
( 4 . 3 4 )
we obtain[ 2 5 ]
( 4 . 3 5 )
where K ( km ) is the completeelliptic integralwith moduluskm . T he period
depends on the intensity of the laser beam in a rather complicatedmanner .
H owever , as the intensityis increased, the period T will be in general
decreased.
F or the electronswith different incident phases , their periods are
different. A s shownin F igure ( 4 . 5 ) , those electronscorrespondingto the
closed curves with larger amplitudewill have a longer period , so that
T 1 T 2 T 3 • • • . F ora givenon , the motionof the electronwith ) p on = 0
has the shortestperiod. U sing B artell' s data , with on = nb and eq . ( 4 . 3 5 ) ,
the shortestperiod is found to be
T = 6 . 2 x 1 0 - 1 0 sec.
s
W e plot againstw P on for different. interactiontimest in F igure ( 4 . 6 ) .
F rom F igure ( 4 . 6 ) , we can find that the deflectionapparentlyoccurs
at t = i TS and 2 / 3 TS ; whilefor t = TS , the deflectionis difficultto observed.
s 2 s s








Figure.4.5 Periods of the motions of the electrons
for a given B on'
pattern. In the case t >>Ts, the differences in the motion of the electrons
for different incident phases become significant. The deflection pattern
is quite complicated. An example is shown in Figure(4.9) with t o 3.4x10 -8sec
Up to now, we may conclude that the choice of the. energy of the
electron beam is very important. In order to obtain a deflection pattern
with large deflection angles, it should match with the laser field strength
Eo and the geometrical arrangement between the two beams (B on) according to
eq.(4.33a). For the electron beam of very high energy, the interaction time
will be very short and hence small deflections. Furthermore, apparatus
of very high resolving power is required for very fast electrons. However,























The defloetion pattarns for differont interaction time t
Paremetprs
Eo= 1.5 X 10 7 V/m9 280 Bragg deflection angle
Pon= 3.5X10 -6

















The deftection pcat f ern for iur CSC lnteruct ont time
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( 3 ) Laser electric field strengthEo dependency:
Varying the intensity is actually equivalentto change both of the
two parameterswhichare describedin Sections( IV B 1 ) and ( IV B 2 ) . As the
intensityis increased, the criticalvalue Bnc definedby eq . ( 4 . 31 ) will be
increasedtoo . If bon has been fixed , more electronswill satisfy E on y
This is just similar to the case by lowering ion while keeping the intensity
fixed . On the other hand , the increasingof the intensitywill shorten the
periods of the motion of the electrons. If the interactiontime is fixed ,
the combined effect will be that the probabilityof reflection is increased
with the increasingof the intensity but is modulatedperiodically. In
Figure ( 4 . 8 ) , the deflectiona gle is plotted againstthe incidentphase -
for different intensitiesof the laser beam .
kPon E 0 ( V / m)t ( sec) Ts ( sec) V/ Tsm s
1 . 2 x 10' 9 . 6 x 10- 1 1 . 1 x 10- 9 0 . 47
1 . 5 x 107 6 . 2 x 10- 10 0 . 807 . 6 x 10- 1
5 . Ox10 - 10 4 . 8 x 10- 103 . 5 x 10- 6 6 . 4 x 10- 11 . 8 x 107 i . o 4
2 . 1 x 107 5 . 5 x 10- 1 3 . 9 x 10- 10 1 . 27
-1
2 . 4 x 107 4 . 8 x 10- 1 3 . 4 x 10- 10 1 . 49
Table 4 . 1 Variationof TS with respectto Eo . The
for a givenPon .
Table 4 . 1 ) shows the relationbetweenTs and Eo . The last column
gives the comparisonof the interaction time and the characteristicperiod


























The coftecticn patterns for differ laser field strongth Eo
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Parameters
Eo = 1X10 9 V/m..



















The deflection pctytorn of very large lgser field strength
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eqs. (4.33). If the intensity of the laser beam is very high, the deflection
pattern will spread over a wide range of deflection angles as shown in
FiKure(4.9).
The results in the above three sections show that a deflection pattern
with maximum number of electrons deflected at large deflection angles can
be obtained only if the laser intensity, the interaction time and the
incident electron velocity on are properly chosen.
(C) Comparison of our calculations and the experimental results:
It is suitable to revise some data mentioned in Table(2.1) here.
(1) Bartell:
Laser beam: peak power P'= c En En 0 70 MW, with permittivity Eo and
Beam area a0,
beara diameter d= 1 .2 cm.
Electron beam: incident energy= l640 v,
incident electron velocity Pon= 3.5x 10-6.
Interaction time: t= 5 x 10-10 sec
The deflection pattern with these data is plotted in Figure(4.10). With
resolving power of 10-5 rad of the system, we obtain the angular dependency
of the integrated deflection probability as shown in Figure(4.11). The
deflection probability at D within 10-5 rad is defined as the fraction of
electrons (with phase between- ZTy and 2Tr) which are deflected to D
within 10-5 rad.
A comparison of Figure (4.11) and Appendix I gives a very satisfactory
result. Most of the scattered electrons do not satisfy the Bragg condition
2.1
10 Parameters:
Eo= 1.5X 10 7 v/m3 .B
t= 5.0 X 10 -10 sec.9
- 2BBBragg deflection angle































-2 0 2 4 6 8 10 12
DEFLEODON ANGLE
FIGURE 4.11
The angular distriburion of the intograted defleation
probabitlty with resolving power 10-5 rad.
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but rather appear at smaller scattered angles . The classical theory then
gives a better explanation. Furthermore, Bartell reported , " Spicules were
not observedwith normalburst mode peak powersof 0 . 3 MW . With 80 MW
spiculesup to 20 % of the incident beam height were often observed. With
15 to 40 MW spicules were observedless frequentlyand were lower in height
than those observedat higher laser powers . “ This can be well explainedwith
eq . ( 4 . 31 ) . For Bnc > Bnb = 3 . 5 x 10 - 6 , the powerrequiredshouldbe at least
of 39 MW . It is unequivocalthat 0 . 3 MW is much too small to produceany
deflection. For laser beam of peak power between15 - 40 MW , the incident
velocity of some of the misalignedelectrons may well be within the critical
values Bnc correspondingto these powers . Therefore the deflection can be
observed. If the incidentangle is set at the Bragg angle , then very few
of the electrons will satisfy these conditions, so that the scattered
probabilitys lower . As the power of the laser beam is increased, Pnc
will also be increased. Hence the requirementBon < Bnc is easily obtained.
This is the reason why Bartell reported that , The reflection probability
of electronsencounteringa hyper - intense portion of a giant pulse would be
high even if alignmentwere imperfect.
( 2 ) Takeda:
Laserbeam: peak powerP ' = 20 MW ,
electricfieldE 0 = 1 . 96 x 10 7 V / m ,
beamdiameterd = 0 . 5 cm
Electronbeam : incidentenergy = 300 eV ,
-6
incidentvelocityRon = 3 - 5 x 10
Interactiontime: t = 4 . 85 x 10 - 10 sec .
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Pararnetcrs:
Eo= 1.96 X 107 VIM
I= 4.85 X 10_10 sec.
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Classical prediction of the ctcctron deflections of Tak da's experiment
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By eq. (4.31), nc= 6.0x 10-6, so that The deflection pattern is
plotted in Figure (4.12).
The deflection probability at scattering angle 1 x10-4 rad is
approximately, 4% while the reported experimental result is approximately
0.6%. With eq. (4.35), we obtain T s= 4.3 x 10-10 sec, and the interaction
4. 85 x 10-10 sec. Therefore, this experiment has beer', conductedtime t=
near.a minimum condition of eq.(1+.33b). Thus low deflection probability
is resulted.
(3) Pfeiffer:
Laser beam: intensity in highly reflecting resonator I= 5 x 107 W/ cn2,
T
electric field Eo= 2L.= 9.7 x 10 b V/m
beam d ameter d =1.1 cm
Electron beam: incident energy= 36 eV,
incident velocity on= nb a 3 .5 x 10
Interaction time: t a 3.1 x 10 sec.
With eq. (L.31), 5nc= 2.9 x 10, therefore one ion$ the deflection probability
must be small as discussed Section(IV BI). The reported experimental result
is approximately 1%.
(4) Schwarz:
Laser beam: Neobdymiu n doped glass,
P'= 32.5 kW (under normal operation without using an additional
mirror to form a standing wave),
beam diameter d= 0.3 cm
Electron beam: incident energy 10 eV
In his experiment[3], Schwarz reported that the laser intensity
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in a resonator was at least a factor of 6 higher if a mirror was used to
form this resonator because the Q-value of the system was increased.
However, with eqs. (4.31) and (4-32), we can find that for high deflection
probability at Bragg condition, the electric field strength of'the laser
beam should be much greater than the value 5 x106 V/ m which corresponds
to a peak power of 0.45 MW. Such a high power cannot be obtained from
his laser. Therefore, Schwarz found minimum deflection probabilities when
the centre lines of the electron beam and. the laser beam fulfilled the
Bragg relationship. In order to obtain a maximum number of electrons
deflected to one side, he had rearranged the orientation of the two beams.
Thus the Bragg condition was given up.
By observing the deflection patterns with different sets of values
we find that the probability deflected to one side has a
of E 0 and on
6 maximum785 whenE= 3.6 X10 V /m and = 6 x i 0 7. This correspondsto
0 on
a peak power 0.24 MW of his laser beam, somewhat a factor of 7.5 higher
than that without the mirror reflector. The actual power of the laser he
used was uncertain. Schwarz stated in [18] that 80% of the deflection
probability to one side could be obtained if the laser was used in its
maximum power. Thus we assume that the maximum peak power is just 0.24 MW.
Without changing the parameters (electron velocity, interaction time,
electron path and light source), Schwarz inserted filters in the light
path before the laser beam entered the vaccuun system in order to vary the
laser intensities. However, the filters inserting between the laser rod
and the reflected mirror reduce the laser intensity and decrease the Q-value
of the system as well. Thus the effective filter factors are assumed to
be squares of those reported in [19]. We now plot the deflection patterns
with different laser intensities in Figures (4.13a) and (4.13b).
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Parzmeters:
t= 1.6 * 10-9 sec.
Bon= 6-0 * 10-7
Eo= 3-5 * 105 V/m
2-4 * 1O5 V/m












Classical prediction of the elestron deflections of Schwarz's experiment
Parameters:
t = 1.6 X 10 -9 sec
7
B on = 6.0*10 -7
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Clcsnlcal prediction of the electron deflections of Schwarz's Experiment-10
58
Deflection probability ProbabilityEffectivePeak power
measured [19]obtained fromEo (V/ m)
filter factor(MW)
Figures(4.13)
0.800.783.6x 10 60.243 (1.33)2
0.600.612.7x1060.147 (1.00)2
0.550.542.4x 10 60.104 (0.87)2
0.220.251.5x 1060.045 (0.57) 2
0.080.141Ox 10 60.019 (0.37) 2
0.0600.6x 10 60.006 (0.21) 2
Comparison of-the classical calculatedTable 4.2
deflection probabilities with the measured results for
diffPrPnt laser pewers in Schwarz's exueriment.
Table(4.2) shows the comparison of the experimental results and the classical
theory predictions from Figures(4.13a) and (4.13b). The maximum power is
0.243 MW. All the other laser powers in column 1 are calculated with the
factors in column 2. The values in column 4 are found from Figures(4.13a) and
(4.13b) by subtracting the lower-half deflection probabilities from the upper-
half deflection probabilities for the region outside ±1.5x 1C5 rad from the
undeflected electron beam. The value 1.5x10 rad is determined by the
resolving power of the detection system.
Finally, all the experimental results and the classical predictions
of the scattering effect are summarized in Table(4.3). A close agreement





probability Pprobability P angle cp (rad)angle cp (rad)
Conducted between
8.8 * 10 -5 0.0368.8x 10-50.05 the min. and max.
Bragg angle
Bartell conditions of
0.155(max)3.0x 10 -50.10(max) eqs. (4.33)5.Ox 10 -5
Conducted near1x10 -4
0.04 the min. condition0.006Takeda (smaller than 1x10 -4
of eq.(4.33b)the Bragg angle)
No reflection
Pfieffer Bragg angle 0.01 Bragg angle 0 occurs because
>on Bnc
minimum No reflection
Bragg condition Bragg condition 0 occurs because(no quantitative
result) >B on > Bnc
Schwarz
The probability
Electrons with only represents the
Bragg condition
0.80 incident angle 0.78 difference between
is violated
9.6x10 -5 rad the upward and
downward scattering





(1) The classical theory predicts that electrons can be reflected even
the Bragg condition is not fulfilled provided that Bon < Bnc If Bragg
reflection is concerned, eq. (4.31) and (4.32) show that the electric field
strength of the laser beam should be at least
(5.1)
Eq. (5.1) shows the dependence of the scattering on tine wave uric,
laser beam. If a ruby laser of wavelength 0.69 µm is replaced by a
Neobdymium glass laser of wavelength 1.06 µm, the minimum value requirement
on E will be reduced by a factor 2.3 and the interaction time should be
0
increased by the same factor according to egs.(4.34) and (4.35). Therefore
the velocity of the electron beam can be lowered. Thus the deflection angle
will be larger by the same amount and the resolving problem will be less
difficult.
(2) In our classical theory, the monochromaticity and the absence of
divergence of the beams have been assumed. However in practice this is not
the case. If a laser light is used, although the frequency divergence can
be neglected, the angular divergence of the beam may not be too small. In
our theory, the effect of the beam divergence can be regarded as electrons
of different initial velocities on Therefore, the actual deflection
probability can be found only when the distribution of Ron is known.
Nevertheless, the interaction between the electrons and the laser light
near their axes would give the main feature of the scattering. Thus the
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theory given in Section(IV B) should be good enough to explain the experiments.
(3) The orientation of the polarizations of the laser light and the
incident electron path affects the deflection. As shown in Figure(4.1), if
the polarization is perpendicular to the incident electron path, then a= 90
and the first term of the right hand side of eq.(4.16) will vanish. The.
motion of the electron along n direction will obey eq.(4.17). However,
the electron also moves in m direction. With eq.(4.12b), we obtain
5.2)
The phase factor 0 varies arbitrarily as the electrons enter the laser beam
at arbitrary time, hence the deflected electrons will spread over a certain
region in m direction. However, the speed of the electrons along this
direction must be within 4eEo/ mew. As far as the Bragg scattering condition
is concerned, we find that the spreading of the electrons in m direction
often accompany with a maximum deflection angle larger than the Bragg angle,
that is 4e me u o f (Bragg). i
o ne on tg) Thus the deflection along m direction
is easily detected. However, in most of the recent experiments except that
of Takeda, the motion of the electrons in this direction has been overlooked.
Although the effect in m direction in his experiment is not apparent because
he has adjusted the polarization nearly parallel to the electron path, the
small deflection phenomenon in m direction does give an evidence that the
polarization effect do exist. The classical theory gives a clear description
of this effect.
On the other hand, if the polarization is parallel to the incident
electron path, that is along direction, then a= 0. The motion of the
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electronsin m directionwill vanish , but the first term on the right hand
side of eq . ( 4 . 16 ) becomesto affect the motionof the electronsi n direction.
Comparingthe coefficientsin eq . ( 4 . 16 ) , we have
( 5 . 3 )
substituting. the experimentaldata of the four experimentsinto eq . ( 5 . 3 ) , we
then get
PfeifferTakedaBartellSchwarz
0 . 2 %4 % 1 %0 . 4 %
The effect of the first term in eq . ( 4 . 16 ) is to broadenthe deflectedlectron
beam in n directionby a factor of a few percentat most . As the deflection
probability being measured has been taken by integrating over the unresolved
region of the system , this broadeningeffect can be in general neglected.
The above argumentis valid only when a non - relativisticelectronbeam is used .
( 4 ) Finally , we concludethat the classicaltheory actually gives a better
explanationto the experimentsthan those recent quantum and semi - quantum
theories. The scatteringprocessseems to be a classicalone . However, in
order to have a deep understandingof this process, more work should be done .
Firstly , since the recent experimentshave been concentratedat the Bragg
condition , sufficient informationof the scatteringprocess has not yet been
obtained . Thereforewe suggest to re - examine the problem experimentallyin
the classicalpoint of view . The angular distributionf ! the deflection
probabilityshouldbe obtainedfor different' sets of parameters( t , Eo , Pon ) .
Special attention should be paid at the maximum and minimum deflection
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conditions (eqs. (4-.33)). The dependence of the critical value Inc on the
electric field strength (eq.(4.31)) should be investigated too. Also, the
polarization effect on the scattering should be checked carefully. Secondly,
more work should be done in quantum mechanical approach to see whether a
more satisfactory theory can be found to explain the experiments. It is of
particular interest if the polarization effect is considered.
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APPENDIX I

























Angular dependency of scattered electrons. The abscissa
represents the angle between the undefiected beam and the de-
tector at the time of a giant laser pulse:(a)the number of attempts
to observe stimulated scattering in various angular intervals;
(b)the observed “spicules,” or electron currents arriving at
detector coincident with the laser pulse;(c) average spicule
heights (see Sec IVB). Spicule heights are plotted in percent of
the incident beam peak height.A representative incident beam
contour is indicated by the bell-shaped curve centered at =0.
APPENDIX II




















Experimental result: reflection angie in
four directions.
The deviation of 1 mm of the beam spot was calibrated to correspond*
to a deflection angle of 10 -4 rad. in the interaction region.
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APPENDIX 3
CALCULATION OF THE DEFLECTION ANGLE
The deflection angle is determined by
(3.1)
where 0o is the incident angle. Since very small incident angle is used,
we take the aDDroximation
(3.2)
Bn can be found by eq.(4.18), provided that Pn is known. To calculate Pn,
















Similarly, can also be found by comparing the values of the both sides
of eq.(III.8). Consequently,
(III.9)
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of the incomplete
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Fl= Wt Eon+Y+ J x E1
N1 is an integerNi=F1/Ki
specifying the


































CALL F4ELC1 (C2, K2)







































[1] P.L.Kapitza and P.A.M.Dirac, Prop. Camb. Phil. Soc.,29,297(1933)•
[2] M.M.Nieto, Am. J. of Phys., 37, 162(1969).
[3] H.Schwarz, Z. Phy sik, 204, 276(1967).
[4] L. S. Bartell, H. Bradford Thompson,and R. R. Roskos, Phys. Rev. Letters,
21. 851(1965).
H.Schwarz, H.A.Tourtellotte, and W.W.Gaertn-er, Phys. Letters, 12,
202(1965).
[6] L.S.Bartell, R.R.Roskos, and H.Bradford Thompson, Phys. Rev., 166,
1494(1968).
Y.Takeda and I.Matsui, J. Phys. Soce japan,25,1202(1968)[7]
[8] H.Chr.Pfeiffer, Phys. Letters, 26A, 362(1968).
[9] I.R.Gatland, L.Gold, and J.W.Moffat, Phys. Letters, 12, 105(1964).
[10] L. S. Baxtell, J. Appl. Phys`, 389 1561(1967).
[11] M.V.Fedorov, Sov, Ph s.--JETP, 25, 952(1967)•
[12] H.Schoenebech, Phys. Letters, 27A, 286(1968).
[13] H.Ezawa and H.Namaizawa, J. Phys. Soc.,Ja_pan, 26, 458(1969).
[14] R.Gush and H.P.Gush, Phys. Rev., D3, 1712(1971).
[15] H.De Lang, Opt.Communn., 4, 191(1971).
[16] F.Ehlotzky and Ch.Leubner, Opt. Commune, 10, 175(1974).
[17] F.Ehlotzky, Phys.Letters, 47A, 491(1974).
75
76
[18] H.Schwarz and H.Hora, Laser Interaction and Related Plasma Phenomena,
(Plenum Press, New York-London, 1972), Vol.2, p.209.
[19] H.Schwarz, Phys. Letters, 43A. 457(1973).
[20] W.Heitler, The Quantum of Radiation (Oxford University Press, London,
1947), 2nd ed.
[21] M.Born and E.Wolf, Principles of Optics,'(Pergramon Press, Oxford,
1970), 4th ed., Appendix II.
[22] L. S .Bartell, Phys. Letters, 27, 236(1968).
[23] Y.W.Chan, Il Nuovo Cimento, 19B, 176(1974).
[2k] J.J.Stoker, Nonlinear Vibration in Mechanical and Electrical Systems,
(Interscience, New York, 1950).
[25] Hancock and Harris, Elliptic Integral, (Dover, New York, 1958).


